Prenatal events such as intrauterine growth restriction and increased cardiovascular risk in later life have been shown to be associated with an increased intima-media thickness (aIMT) of the abdominal aorta in the fetus. In order to assess and manage atherosclerosis and cardiovascular disease risk in adults and children, in recent years the measurement of abdominal and carotid artery thickness has gained a growing appeal. Nevertheless, no computer aided method has been proposed for the analysis of prenatal vessels from ultrasound data, yet. To date, these measurements are being performed manually on ultrasound fetal images by skilled practitioners. The aim of the presented study is to introduce an automatic algorithm that identifies abdominal aorta and estimates its diameter and aIMT from routine third trimester ultrasonographic fetal data.
Introduction
According to the Barker hypothesis (Barker 1997 ) several adult diseases originate through adaptations of the fetus when it is undernourished. Low birth weight, caused either by preterm birth and/or intrauterine growth restriction (IUGR), was recently shown to be associated with increased rates of cardiovascular disease and non-insulin dependent diabetes in adult life (McMillen et al 2005 , Hemachandra et al 2007 , Langley-Evans et al 2009 . It is well established that infants who had IUGR have a thicker aorta, suggesting that prenatal events (e.g. impaired fetal growth) might be associated with structural changes in the main vessels (Skilton et al 2005) . Hence, the measurement of abdominal aortic intima-media thickness (aIMT) in children becomes a sensitive marker of atherosclerosis risk (Skilton et al 2005, Litwin and Niemirska 2009) . Recently, a follow-up study showed that aIMT measurements in IUGR fetuses were inversely related to estimated fetal weight, showing that low birth weight and Doppler abnormalities may be correlated to an altered vascular structure causing possible endothelial damage (Cosmi et al 2009 , Visentin et al 2013 , consistent with the finding that atherosclerosis begins to develop first in the intima of the aorta (McGill et al 2000) . On this basis, measurements of the abdominal aIMT from ultrasound (US) images have the potential to become powerful instruments for the assessment of fetal risk of atherosclerosis. Abdominal aIMT was defined as the distance between the leading edge of the blood-intima interface and the leading edge of the media-adventitia interface on the far wall of the vessel (Koklu et al 2007) (see figure 1 for a hystological section and figure 2 for a representative fetal abdominal aorta US frame).
The increasing need for the assessment and management of atherosclerosis and cardiovascular disease risk resulted in a growing interest in the intima-media thickness as a biomarker for predicting metabolic disorders and cardiovascular risk in children and adults. Despite the fact that the alterations in the aorta are an early and sensitive marker of atherosclerotic risk (Jarvisalo et al 2001 , Dawson et al 2009 , the main attention has been devoted to the analysis and quantification of alterations of the carotid artery (CA) both in children (Dawson et al 2009 , Litwin and Niemirska 2009 , Crispi et al 2012 , Dratva et al 2013 , Thompson et al 2013 and in adults (Simon et al 2002 , Touboul et al 2004 , van der Meer et al 2004 , Gaitini and Soudack 2005 , De Groot et al 2008 , since it allows an easy and high-resolution imaging. The widespread measurement of CA-IMT in adult patients has raised the need for quantitative and automatic measurement of CA-IMT (for a review see Molinari et al (2010) ). On the contrary, the automatic measurement of aIMT in prenatal US images has been rarely attempted. Even if the problems of measuring CA-IMT or aIMT in adults and children and measuring aIMT in the fetus are similarly posed, the latter adds several challenges to the difficulties and limitations of measurements in the adult carotid and in the echogenic differences characteristics of the carotid and the aorta. In CA US examination of adults and children, the vessel position is almost fixed and it occupies the vast majority of the image. Moreover, CA is aligned with the image plane, making the estimation of the lumen position relatively robust. Finally, given the superficial position of the CA relatively to the body surface, the resolution obtained imaging the CA and its wall structures (intima, media and adventitia) is large compared to noise.
In fetal US, on the contrary, the image resolution is lower than in adult CA examinations, since the structures to be imaged are deep within the maternal womb; this limitation is coupled with the reduced dimension of the vessels and of the intima and media layers of the fetus. Secondly, fetal movements cause the position and orientation of the abdominal aorta to be largely unpredictable: the aorta can move in and out of the US imaging window during the examination (see figure 3) . Thirdly, the identification of the aorta is further complicated by the presence of the surrounding abdominal tissues and organs, since they typically appear at US examination as echogenic tissues enclosing hypoechogenic media (e.g. the appearance of the gastro-intestinal tract or bladder).
To date, aIMT measurement has been performed manually by skilled practitioners, thus being susceptible to intra-and inter-operator variability. Moreover, in order to reduce the measurement variability and to produce results comparable for longitudinal and multicentric studies, the aIMT has to be measured in a consistent manner at the same point of the cardiac cycle. Thus, all measurements are manually taken at end-diastole which was identified as the time of maximal expansion of the vessel during the entire cardiac cycle (Litwin and Niemirska 2009) . To the best of our knowledge, the only automatic method proposed in literature has been proposed in Veronese et al (2012) , where the aorta was segmented on a small number of videos with an active-contour approach. Similarly to what has been proposed in literature for adult vessel analysis, the gradient information across the aorta boundaries is analyzed to estimate intima-media thickness. The reported correlation between automatic and manual measurement was 0.9 and the mean absolute error was of 0.95 pixels with respect to the manual measurement. Unfortunately the variability of aorta lumen and vessel boundaries appearance pose an overwhelming challenge to the settings of the active contour parameters.
To address the challenges associated with manual measurements of small fetal vessels from US images we propose an automatic algorithm that identifies the abdominal aorta and estimates its diameter. Our computer-aided image analysis tool automatically estimates the cardiac cycle to provide consistent measurements of aIMT. This technique is intended to make the measurement of aIMT faster, accurate and reproducible.
Materials
Thirtyfive video sequences were obtained from women undergoing routine US examinations during pregnancy, at the Department of Woman and Child Health of the University Hospital of Padova (Padova, Italy). The study was approved by the local ethical committee and all patients gave written informed consent. Fetal US data was acquired at a mean gestational age of 32 weeks (range 30 to 34 weeks) using a US machine equipped with a 5 to 7.5 MHz linear array transducer (Antares, Siemens Medical Solutions, Mountain View, CA), with a 70° FOV, image dimension 640 × 480 pixels and a variable resolution between 0.05 and 0.1 mm/pixel. Twentyfive fetuses were with appropriate weight for gestational age (AGA), 7 were AGA but with a gestational diabetic mother, 1 was small for gestational age (SGA), and 2 were affected by intrauterine growth restriction (IUGR) as previously defined (Visentin et al 2013) . The localization of the abdominal aorta was performed in a sagittal view of the fetus at the dorsal arterial wall of the most distal 15 mm of the abdominal aorta sampled below the renal arteries and above the iliac arteries (Skilton et al 2005 , Cosmi et al 2009 . Gain settings were used to optimize image quality. After the localization, in order to measure the intima media thickness and diameter, the vessel was visualized in a longitudinal view of the fetus, making sure it was a maximal longitudinal section of the vessel (it contains the vessel diameter) and tilting the transducer to obtain an angle of insonation as close to 0° as possible and always less than 30°. Aortic diameter and aIMT measurements were manually determined at the time of the examination (online) by a skilled practitioner (either E.C. or S.V.), who subsequently reviewed the acquired videos at a workstation (offline procedure), blind to the results of the automatic system and to the clinical information on the fetuses. For the offline review, all frames corresponding to the end-diastolic phase were collected from the 35 videos (a total of 240 different frames) and those that were judged of sufficient quality with respect to the visibility of aortic wall were manually annotated to provide the ground truth.
Three videos did not present any frame judged of sufficient quality (for a total of 22 frames) and were discarded during the off-line review. For the remaining 32 videos the total annotated number of frames was 165, resulting in a mean number of annotated end-diastolic frames per video of 5.15 and a mean number of frames judged of insufficient quality by the reader of 1.64 per video. The first 20 available frames were used to set up the algorithm parameters as will be described in the Parameters setting section; the parameters were then kept fixed.
Methods
In order to correctly identify aIMT, we designed an algorithm that, starting from the acquired US video, firstly identifies an approximate skeleton of the aorta and then uses its central position as starting point to segment the vessel in each frame and finally estimate its diameter. After estimating the mean diameter of the aorta in each frame, heart rate and cardiac cycle are derived through the analysis of the diameter variation with time and the frames corresponding to the end-diastole cardiac phase are selected. On these frames, the regions along the vessel walls providing enough contrast for estimating the aIMT are identified and there the aIMT are measured. The diagram of the proposed processing pipeline is represented in figure 4 
Initialization
In order to identify a reliable starting point for the vessel segmentation procedure and to provide an approximate estimate of the aorta longitudinal extension, we exploit the fact that each video was recorded so that the vessel was visualized in a longitudinal view of the fetus. This is necessary to identify the correct region in videos with a poor SNR or where other vessels or elongated hypoechogenic structures are present (see for example figure 1 central and right panel). In this way the aorta appears as a dark horizontal or slightly oblique area. We design a base filter K(x, y) of dimension L × L(L = 50 pixels in our specific implementation) to match the appearance of an aorta horizontally oriented in the image, obtained combining a dark large elongated area corresponding to the aorta lumen K 1 and the bright boundaries corresponding to the vessel walls K 2 and K 3 :
For each video, we filter each frame with a bank of filters at multiple scales and multiple orientations, obtained from K(x, y) varying the scaling factor σ in the interval [5, 20] pixels and rotating with angles from −2π/15 to 2π/15 (figure 5). For each pixel, the maximum output of the filter banks is computed and the resulting image I max (x, y) is binarized by means of a statistical threshold I max (x, y) > θ,with θ μ σ = + I I max max , where μ I max and σ I max are the image mean and standard deviation, respectively. The binarized image is then eroded and then each connected component receives a score equal to its Processing pipeline for a video of a fetal aorta. After the initialization and the tracking of the aortic centerline and diameter in each frame, the cardiac cycle is estimated and end-diastolic frames are selected; on these ones the region for aIMT estimation is identified, and a set of measurements is computed for each frame. The mean value of the aIMT measurements is provided as final value.
eccentricity, assumed to represent its vesselness. The scores from each frame are summed and the connected component having the highest accumulated vesselness score is taken as the approximated aortic region. From this region, the skeleton is estimated so to provide a rough aorta centerline, whose center (x c , y c ) and direction θ c are used as seed for the segmentation of the aorta.
Aorta segmentation
In each frame, the central point of the skeleton is considered as a reliable seed point, i.e. the pixel from which the tracking of the vessel starts. The tracking method employed here is a customization of the one previously proposed (Grisan et al 2004) : each point p i is described by the quaternion
, where x i and y i are the point coordinates, d i is the diameter of the vessel evaluated in (x i , y i ) and θ i is the direction, perpendicular to d i . Starting from p i , the subsequent point p i + 1 is found by coupling both a priori and a posteriori information. The prior is represented by the fact that the direction θ i + 1 , the diameter d i + 1 and the gray level intensity of adjacent points have to be similar, or at least smoothly varying. The a priori information provides a predicted vessel point + p i 1 , considering that the versor v = (cos (θ), sin (θ)) represents the most likely direction for a new vessel point + p i 1 to be found, starting from p i . Given a constant tracking step s,
the information on this estimated new point, on its diameter and direction, are then refined with the a posteriori information obtained employing a fuzzy c-mean clustering (Bezdek 1981 ) procedure on the intensity profile perpendicular to the vessel direction. The clustering procedure assigns to each pixel on the line centered in + p i 1 and with direction θ i + 1 + π/2, a probability of belonging to the 'dark' (corresponding to the vessel lumen) and 'bright' (corresponding to the soft tissues) classes, depending on its intensity value. By thresholding the estimated probability (we used a value of 0.7 (Grisan et al 2004) ), the pixels on the line are segmented into vessel lumen or background, so that the center of the vessel-related cluster becomes the refined estimate p i + 1 and the refined direction becomes
At variance with the original method, where a small intensity difference between the identified cluster centers was used as stopping criterion, here we allow the update of the center 1 , until the data-driven posterior is recovered. This procedure allows on the one hand to cope with the variability of US data and on the other with the effects of fetal movement that may results in the vessel lumen moving out of the imaging window for a small number of frames, or in a portion of the image (see e.g. figure 3 ).
Cardiac phase estimation
Since measurement of intima-media thickness has to be obtained only at the end-diastolic phase of the cardiac cycle, we need to correctly identify the correspondent frames from the information on the aorta diameter, whose dimension varies in phase with the heart beat as it can be seen in figure 7 .
For each analyzed frame k the tracking procedure provides the aorta centerline p k and diameter d k (figure 6), so that the mean diameter value
k for each frame can be computed. The variation of μ aD (k) in time is modeled as a sinusoidal function aDiam (t) = A· sin (ft + ϕ), that is fit on the data μ aD (k) by solving a weighted non linear least-squares problem (figure 7), obtaining the optimal value Â , f and ϕ̂. The times corresponding to the maxima of the estimated sinusoid model represent the end-diastolic cardiac phase corresponding to the frames
, with ∈ ℕ m .
Measurement region identification
In order to provide only reliable measurements of the intima-media thickness, the regions along the aorta where the vessel wall and its structure are most visible are automatically identified in each diastolic frame. For each point along the vessel wall, the contrast is computed as the difference between the mean gray level within a region d 0.25 wide on the interior of the vessel border and the mean gray level within a region d 0.25 wide on the exterior of the vessel border. The set of points where the contrast is larger than θ MR of the maximum intensity value in the frame (figure 8) compose the measurement region MR. If a frame results with an empty MR, the corresponding aIMT value is considered as a missing value, instead of being estimated through the procedure described in the following sections.
Abdominal aIMT estimation
To detect the aIMT, for each point p i in MR we use the gray level profile centered in (x i , y i ), with direction π θ ± −| | 2 i and length equal to (1.5 · d i )/2 pixels on both sides. We consider as aIMT the distance between the leading edge of the blood-intima interface and the leading edge of the media-adventitia interface on the far wall of the vessel (Koklu et al 2007) . Since the edges we are interested in are rarely well defined, but rather appear as a local intensity minimum between two bright peaks related to the intima-media and adventitia layers, we choose to model the profile intensities comprising lumen, intima-media and adventitia as a mixture of three Gaussians, at variance with the more complex model proposed for adult carotid that uses a mixture of three Nakagami distributions (Destrempes et al 2009) . Our model becomes:
where μ j is the mean of the jth Gaussian, σ j its standard deviation and z j its mixing proportion. The mixture is usually composed of a large-variance gaussian G 1 (g), possibly accomodating both the background signal within the lumen and the low-frequency variation of the intensities across the aorta edge and two small-variance components G 2 (g) and G 3 (g), modeling the vessel wall layers. The parameters are estimated by fitting GM (g) to the gray level profile, using a gradient-based nonlinear least squared minimization. By this means, we can identify the media-adventitia (MA) interface as the local minimum ĝ MA of GM (g) in the interval g ∈ [μ 2 , μ 3 ]. In order to obtain a reliable measurement, we further impose that:
where T rel is a user defined threshold used to set the sensitivity to small variations in the intensity profile as fraction of the maximum intensity of the profile (see figures 9 and 10). We then refine the blood-intima (BI) interface position by evaluating the point ĝ BI for which
. For the kth frame and for each of the p i points, i = 1, …, P in the ROI, we thus obtain a value for the aIMT computed automatically:
From the set of P measurements aIMT auto (k, p) in the frame k, we can compute their sample mean to obtain a single value aIMT auto (k) for the frame under analysis. 
Parameters setting
Throughout the analysis of the fetal aorta videos, there are two parameters that can vary the sensitivity of the proposed procedure. The first, θ MR introduced for the definition of the measurement region MR, is used to increase, in each frame, the number of accepted measurement sites along the vessel boundaries, but possibly introducing unreliable measurement. The second, T rel , has been introduced when estimating the aIMT and is used to vary the sensitivity to the presence or absence of the intensity valley between the intima-media and the adventitia. A grid search on the two parameters has been performed, testing each possible couple of parameter values in the range [0, 0.1, ···, 0.9, 1] on the first 20 frames of the annotated data set. For each couple, the root mean squared error (RMSE) between the automatic aIMT and the manual aIMT measurement is computed. The combination of parameters yielding the smaller root mean squared error was selected and used for the analysis of the remaining data. The value of the θ MR has been set to 0.5, whereas the value of T rel has been set to 0.3 ( figure 11 ). 
Results

Manual measurement variability
During the offline measurement procedure, we were able to collect for each frame k in the data set a manual aIMT measurement from operator 1 (aIMT op1 (k)), a manual aIMT measurement from operator 2 (aIMT op2 (k)) and a second manual measurement from operator 1 (aIMT op1,rep (k)) performed 3 months after the first, blind to the first manual annotation. We can then evaluate the measurement variability within and between operators comparing the aIMT values in term of mean error, mean percentage error, root mean squared error (RMSE) and correlation between the operators. The results are reported in table 1. Moreover, since the aim of the procedure is to provide a reliable aIMT measurement for a single patient s, we can lump together the manual annotations belonging to each specific Table 2 . Manual aIMT variability for the different patients in the dataset comparing: errors and correlation among values measured by the same operator at different times (intra-observer variability), errors and correlation among values measured by the two operators (inter-observer variability) and errors and correlation among values measured online during the examination procedure using the tools provided by the echographic device and those measured offline reviewing the video data.
Subject aIMT manual variability patient aIMT (k, s), so to obtain the subject intima-media thickness aIMT (s) computing the average value of all lumped aIMT (k, s). Thus, we have the measurements from the two operator aIMT op1 (s) and aIMT op2 (s), the repeated measurement aIMT op1,rep (s) and the additional value aIMT online (s) representing the measurement evaluated during the data acquisition, i.e. while visiting the patient, with the measurement tool provided by the echographic device. We report the measurement variability at the patient level between-and within-operators and the variability between the measurements obtained offline, i.e. when reviewing the data and online, i.e. while examining the patient. Results are reported in table 2. 
Automatic measurement accuracy
Following the same analysis performed for the manual aIMT variability and taking the manual measurements aIMT op1 as ground truth, we compare the results from the automatic procedure both at the frame level aIMT auto (k) and at the subject level averaging the measurements aIMT auto (k, s) belonging to the same subject s. Summary statistics of the errors and the correlation between automatic and manual measurements are reported in table 3. The statistics show an agreement between the ground-truth and the automatic aIMT that is equivalent to the intra-observer variability, both when comparing the results at the frame level and at the subject level. This is further confirmed by the Bland-Altman plots reported in figure 12 . Additionally, the correlation analysis for the subject-level aIMT measurements is reported in figure 13 and all values of the manual aIMT op1 (s) and automatic aIMT auto (s) are reported in table 4. Finally, representative results on end-diastolic frames from videos corresponding to the manual annotation shown in figure 1 are reported in figure 14.
Discussion
The present study developed an automated system to measure fetal aIMT in order to reduce inter-and intra-observer variability. Despite the growing attention to abdominal aorta thickness as an early and sensitive marker of atherosclerosis in children and adults alike, no study has been devoted to the automatic analysis of aIMT on clinical ultrasound data yet. Less more so in fetal echography, even if aIMT has been linked to a higher risk of metabolic syndrome in later life. The proposed automatic measurement has the privilege to be potentially performed by all operators, with only two parameters that might be tuned, namely the contrast threshold to define the measurement region and the value T rel to discard unreliable minima in the lumenintima-media-adventitia gray-level profile.
From a clinical perspective, it potentially allows scheduling which fetus should be followed-up after delivery during third trimester routine ultrasound. Moreover, previous studies Manual aIMT per subject [mm] Automatic aIMT per subject [mm] have shown that in IUGR infants, aIMT was greater in those with the lowest birth weight. Such evidence suggests that atherogenesis and an increased arterial stiffness may be a potential mechanism mediating the mentioned epidemiological link between impaired fetal growth and later cardiovascular disease in adulthood, similar to the major environmental risk factors, such as cigarette smoking or hypertension. Unlike these studies, which focus on older age groups, aIMT measurement during pregnancy allows for prospective examination of the effects of impaired fetal growth, without the effect of postnatal confounders, directly evaluating this known marker of endothelial dysfunction and potential arterial health directly in utero from the second-third trimester of gestation and in newborns (Cosmi et al 2009 , Zanardo et al 2011 .
As a final note, abdominal aorta seems to be the one of the first vessels involved by atherosclerotic changes (Brenner et al 2006) , so that aIMT is a sensitive marker of early disfunction, but multicentric studies and trials face the challenge of standardizing the aIMT measurement, that requires skilled and experienced operators to reduce variability in ultrasound acquisition and in image interpretation. In conclusion, the introduction of the proposed automatic system might have the advantage to acknowledge robustly and across multiple centres which fetuses share the risk of cardiovascular dysfunction further in life and to provide repeatable quantitative imaging markers of endothelial dysfunction.
Conclusions
The high values of correlation between manual and automatic results suggest that the proposed algorithm provides a reliable technique for a quick measurement of important structures during ultrasonographic fetal biometry, such as aorta diameter and aIMT. Besides, being fully automatic, it allows avoiding the problems of intra-and inter-operator variability, typical of any manually performed measurement. Representative results of the automatic analysis on end-diastolic frames extracted from the videos of the patients corresponding to the manual measurement shown in figure 1: aorta centerline (white dotted line), mean estimated diameter (white solid line with circle heads) and estimated intima-media at points in MR (white solid line with asterisk heads) are reported.
